As we move forward to integrate system descriptive models and system analytical models, there is a key opportunity to integrate other viewpoints into the system model. Specifically, we have the opportunity to extend current modeling semantics and add other disciplines. Current systems engineering practices address human-system integration concerns as an afterthought (i.e., after system architectures have already been created). One primary reason for this deficiency is that people not trained in human factors engineering are unable to communicate with those that are, due to differences in terminology. To better integrate humans into and with systems, new semantics are needed to extend current system modeling representations. The integration of new semantics will allow human elements to be analyzed in a more holistic perspective. This paper looks into identifying core building blocks for creating the ontology for human system interaction, interfaces, and integration. This ontology, once fully developed, will extend current system modeling capabilities that will enable the human element to be analyzed as part of the overall system development process.
Introduction
From early heliographs to the modern day alphabets, humans have communicated with one another by using a combination of symbols. As groups gather and began using the same symbols, formal languages were developed within cultural boundaries. Common to each group and language, were the building blocks that allowed people to express and communicate with each other. Today engineers have developed their own vocabulary and symbols to communicate with one other.
The vocabulary and symbols are used in models and documents to represent a system under development. As systems have evolved into more complex entities, the need to increase and formalize modeling semantics has garnered greater importance. When system architects and engineers saw the power of the Object Management Group's (OMG) Unified Modeling Language (UML) within the software engineering community, they began to use UML for system development. When creating descriptive system models with UML, the system engineering community recognized a gap in UML for systems engineering. UML did not provide the necessary terminology that the system community was accustomed to. In order to evolve the language, the system engineering community decided to extend UML to meet their needs. Evolving UML with common terminology frequently used within the system engineering community led to the creation of the OMG System Modeling Language (SysML). Since its inception in 2007, SysML has become the de-facto language for system architects and engineers for descriptive system models. Most of the research dedicated to system modeling has been focused on upfront conceptual design and architecture in the traditional system engineering discipline. As we move forward to integrate these descriptive models into analytical models, there is a key opportunity to integrate other viewpoints into the system model by extending current semantics and adding other non-traditional systems engineering disciplines.
Today with the role of the human changing from that of an operator to that of an agent 1,2 and systems becoming increasingly more adaptable, greater demands are being placed on the system architect and engineer. Specifically, the human element needs to be taken into account and appropriately modeled from system conception to disposal. Current systems engineering practices address human-system integration as an afterthought (i.e., after architectures have been already specified and designed). In this situation, when changes to the system accumulate, redesign costs can spiral out of control. The key issue is that people not trained in human factors engineering are unable to communicate with those that are, due to differences in terminology. To better integrate humans into systems, new semantics are needed to extend current system modeling semantics. The integration of the new semantics will allow for human elements to be analyzed in the holistic view of the system. This paper will look at identifying the core building blocks for creating a common ontology to include semantics in the field of human system integration (HSI). This ontology, once fully developed, will extend current modeling capabilities and allow the human element to be analyzed as part of the overall system from system conception to system disposal.
Why Is the HSI Ontology Needed?
The objective of HSI ontology is to consider human actions from multiple perspectives. This multifold consideration of human actions is intended to increase the functional effectiveness and it should allow to apply information about human characteristics and behavior into a more systematic way. 3 Landsberg et al. presents various cases in which different aspects of HSI have been applied to different programs. 4 What can be seen though is that there is not one holistic approach to consider HSI. Modeling and simulation can provide an excellent workspace to achieve the trade-offs necessary across the HSI and system domains. 5 Within the system, human and machine tradeoffs must be made. In the past humans were usually modeled as external entities. 6 But in accordance with ISO 15288, humans are now treated as agents and must be considered as any other subsystem. Analyzing how the interactions between the sub-elements work as one. The human agent senses the outputs of the machine, and the human response is the input to the machine. Both machine and humans have a set of required capabilities and functionality to meet the system's goals and objectives.
Current HSI tools do not take into account the architecture development process and the decision-making in the conceptual design of the system. Engineers that use these types of tools and methodologies usually tend to address human system issues well after the architecture is set and major design decisions with huge monetary implications have been made. These tools are usually just used for design after the fact. In order to truly integrate HSI into the architecture process and the rest of the engineering process, new modeling semantics are needed to ease integrations of engineering methodologies, processes, and tools as well as opening up communications between various engineering disciplines.
Building common semantics for HSI has not had much traction within the HSI community or the system engineering community. There have been two attempts to build partial constructs for use in the architecting and engineering of systems but neither has come to fruition and use.
In an attempt to fill the gap in human-systems architecting, IDEF administrators attempted to develop IDEF 8, Human-System Interaction Design Method. IDEF 8 was created to look at three different levels of human system interaction: 1) overall system operation, 2) role-centered scenario of system use, and 3) design objectives implemented through a library of metaphors used as best practices for detailed design.
7 IDEF 8 was centered in using interaction diagrams (activity based diagrams) to allocate functions between a user and a system. The functions described had to deal with actions detailing interactions with physical controls and displays. Then with the use of the library of metaphors, the designers are able to use the metaphors to design the controls and displays of the system. Although IDEF 8 was a good attempt to bring up human system interaction upfront in the lifecycle it never took off and it had limited coverage of HSI issues. Recognizing the need for human viewpoints of the system, the North Atlantic Treaty Organization (NATO) undertook an effort to examine ways to better evaluate human system compatibility, and created the NATO RTO HFM 155 Human View Workshop. The Human Views were intended to expand the NATO Architectural Framework (NAF) by documenting the unique implications of humans for system design. 9 With the emergence of SysML, The United States Department of Defense and the United Kingdom Ministry of Defence with industry partners developed a profile extending both UML and SysML to depict the DoD Architecture Framework (DoDAF) and the MoD Architecture Framework (MoDAF) constructs. The Unified Profile for DODAF and MODAF (UPDM), emerged as a way to use the UML/SysML tools to capture system architecture using these frameworks and their respective meta models. 10 With the introduction of the human viewpoint in NAF and its potential introduction into DoDAF and MoDAF, these constructs are expected to play a role during acquisition of defense systems. The system currently being developed using these frameworks has slowly been transitioning to using model architecture tools to capture and manage complex architectures. The tools and the modeling languages they support will need to be extended to include the human constructs in accord with the suggested human view meta-models. The change of paradigm to bring human factors considerations upfront instead of as an afterthought will allow architectures to be more aligned with human capabilities and limitations and with the changing role of humans.
In an attempt to better understand the role of the human agent, the NATO proposed human views look at various aspects of humans that may affect system performance. The NATO human views are HV-A Concept, HV-B Constraints, HV-C Functions, HV-D Roles, HV-E Human Network, HV-F Training, HV-G Metrics, and HV-H Human Dynamics. 9 In particular the following subset of views are intended to allow architects to better understand the human-machine interactions in accordance with the NATO definitions 9 : The human constructs not only provide the ability to integrate the human factors to the architecture process, but the same semantics will allow the human factors requirements to be tested, verified, and validated. The same constructs used for architecting complex systems will be able to be used to design the test systems and test cases. The common semantics will provide the traceability capabilities already built in to system constructs to ensure that human agent activities are being tested under varying scenarios that are based on the use case scenarios developed in the architecture. The semantics will also allow values of attributes to be captured, allowing test data and human attributes to be captured from testing activities. The data captured can then be used to improve the workload analysis by adding real data to the tasking network analyses.
To align common HSI semantics for interdisciplinary use and full life cycle coverage the common semantics should cover the varying system aspects as discussed in standards, such as ISO/IEC 15288. Arnold et al. discuss how a human system model with four views can cover ISO/IEC activities in perspectives: human factors in the lifecycle, human factors integration, human-centered design, and human resource processes. 6 In the same vein, common semantics should expand these four views for full coverage. An absolute and integral part of any design is proper communication among all stakeholders in the development process. There are several areas that affect HSI; the HSI ontology looks at various areas within the framework of the system modeling pillars and other considerations that will give a more holistic system view with the perspective of the human. Collectively, these factors will provide the semantic underpinnings for defining and managing the human element within the mission and system context. A unified view of these factors is presented in the HSI ontology ( Figure 3) . The HSI ontology offers a unifying means of concerns and expectations of the human element. By considering the various factors in these areas can proceed to increase communication between system architects, engineers and human factors/human system specialist. Specifically, the HSI ontology provides the building blocks to bring up human element considerations upfront versus just in the detailed design phase. The HSI ontology informs us that HSI is composed of requirements, human agents, behavior, structure, parametric, and mechanisms. The HSI ontology can guide the HSI processes and facilitate communication among stakeholders. The key concepts represented in figure 3 are discussed next.
What is the HSI Ontology?

Requirements
Requirements serve as the contractual guidance for the acceptance criteria of any system under development. Requirements range from functional to performance and are detailed at different level of abstractions. At the top level the requirements specify intent versus implementation. As requirements get refined and derived the requirements get more precise in nature until it begins to specify the implemented configuration of the system. In order to integrate the human agent into the system more attention in the specification of the human agent and HSI must be specified at all levels of abstraction. The ontology will attempt to explicitly highlight these human centered requirements in the modeling environment as you would highlight any other system functional and performance requirement. By explicitly highlighting these requirements it will be easier to trace the requirements to the other aspects of the modeling pillars: behavior, structure, and parametric. The written requirements should complement the system model, as to overcome limitations on inferring what is not explicitly modeled in the system model. 
Human Agent
While the human agent should be treated as any another element within the system, the machine should complement the human agent and match human characteristics to the agent functions and performance needs. 12 It is equally important to specify human agent characteristics as well as other system agents. The human agent characteristics should include but not be limited to physical traits, cognitive limitations, sensory performance, and social factors. The human agent will extend the block and actor objects in SysML to better specify human agent in the system under development. In this area, the human agent will have played a certain role in the system operations and system capabilities. Along with this role, a set of constraints will be specified to understand the limits on the strengths and weaknesses of the human agent through specifying a skill set that is the minimum requirement for the role to be played by the human agent. These two areas should help the system architect better match the human agent to the role it is expected to play in overall system performance.
Behavior
Modeling behavior using SysML and other object oriented modeling languages is based on use cases and use case scenarios. Both concepts attempt to capture system usage through high-level interactions of system stakeholders and actors with the system. These use cases and use case scenarios will enhance written requirements by refining the requirements to create a descriptive model. Not only does the requirement refinement describe the interactions, but also shows external visible exchanges, explores user expectations, and defines intended purpose of system usage.
The use cases are further refined through activity diagrams and sequence diagrams. Activity diagrams give the general flow of action (functions), while sequence diagrams give a step-by-step description of operations and exchanges. In both these artifacts, it is important to explicitly detail which functions, operations and accompanying attributes can potentially enhance the analysis of the human element. In particular, these functions, operations, and attributes need to allow for ease of transition from conceptual architecture to detailed design. The parallelism between the aspects that are analyzed in detailed design should be considered up front to account for the human element impact on the overall architecture, not just the performance of the system.
State machines are used to describe system/subsystem behavior in event driven form. The events identified in this artifact can occur in one of the system states or can drive a transition from one state to another. As in the case with systems, humans can be described using state machines. These states can transition under certain events that affect human cognitive state or performance. By creating specific state machines for the human element, the architect can specify specific behavior, which the human element must exhibit in response to certain events. This formalism could also drive the study of the human element/role and limitations that may affect system performance due to state changes in the human.
Structure
The structural diagrams describe the system structure through blocks and parts. Within the framework, any system object can be defined using the block object. In a similar manner, the HSI ontology will be able to extend the semantics used in the structural diagrams to describe the human agent as well as human system interfaces. These extended semantics will allow these two concepts to be considered upfront and closely tied to the top-level requirements. The ontology will also extend the attributes and parameters looked at in this context.
Parametric
The SysML parametric diagrams are intended to support engineering analysis of critical system parameters (often the measure of effectiveness and measure of performance). The evaluation of these metrics pertains to performance, physical characteristics, and "illities." The parametric pillar of SysML has not been used much until recently. Currently the parametric artifacts are beginning to be used to trace and link mission and performance metrics of cube satellites to analytical models. 13, 14 Similarly, workload analysis, task analysis, and other HSI analysis could be traced and linked to the human aspects of the system model. The ontology can be extended with the necessary semantics and mechanisms needed to ensure that traceability and links to the analytical models can be established and maintained in a model driven environment.
Mechanisms
The mechanism portion of the HSI ontology is focused on the human system integration processes, procedures, tests, and verification required. This viewpoint of the ontology will focus its effort at a basic level to assure appropriate precautions have been taken to integrating the human element into the overall system. The integration procedures will attempt to circumvent adverse affects and failures between components, 15 with a specific focus on effects produced by the human agent as well as effects produced by that impact the human agent.
Conclusion
Human system interactions, interfaces, and integration has become a key concern today as system continue to grow in scale, complexity and as humans become increasingly integral part of the systems. In this paper we discussed why the HSI ontology is needed and possible challenges facing integrating the human element into systems. The paper presented the HSI ontology that attempts to standardize HSI concepts that could be brought upfront in the system lifecycle and carried throughout the system lifecycle. The ontology serves a number of purposes: establishing common terminology among stakeholders, defining HSI factors, support reasoning to detect inconsistencies and errors that are common to integrating the human element into the system, and enabling human system analysis and traceability from concept to detailed design, and beyond. It is our hope that this paper will serve as a tutorial and starting point for systems engineers and human factors engineers when they undertake the architecting of the human element in relation to the system, and enabling in depth analysis of HSI factors.
